Abstract: Multiphoton microscopy (MPM) enables noninvasive optical imaging into the deep tissue in animal models in vivo. Recently, 1700 nm has been demonstrated as a promising excitation window for deeper penetration. Signal depletion is currently the limiting factor for imaging depth at the 1700-nm window in MPM. As a result, efficient signal detection is an effective means to further boost imaging depth. GaAsP and GaAs photomultiplier tubes (PMTs) are commonly used for signal detection in MPM. Here, we demonstrate a comparison investigation of signal detection of a GaAsP and a GaAs PMT for several modalities of MPM at 1700 nm. The two PMTs are identical in structure, connected to the same electronics, and mounted at exactly the same place in the microscope, facilitating a fair comparison. Our results show that with a 1667-nm excitation, GaAsP PMT is more efficient for signal detection of a 3-photon fluorescence of quantum dot Qtracker 655, third-harmonic generation signal, and a 4-photon fluorescence of fluorescein, whereas GaAs PMT is far superior in detecting a second-harmonic generation signal. The measured results are in good agreement with theoretical calculations based on wavelength-dependent cathode radiant sensitivities. We expect that our results will offer guidelines for PMT selection for MPM at the 1700-nm window.
Introduction
Multiphoton microscopy (MPM) [1] - [4] , which combines subcellular resolution, 3-D sectioning, deep-tissue penetration in scattering biological tissue, labeled or label-free structure specificity, and functional imaging capability, has found widespread applications in various fields, including neuroscience [5] , [6] , embryology [7] , and oncology [8] . MPM involves excitation with n-photons (n ! 2 and is an integer) simultaneously and emission of one signal photon for imaging contrast generation. So far, several modalities of MPM have been demonstrated, such as 2-photon fluorescence (2PF) microscopy, 3-photon fluorescence (3PF) microscopy, second-harmonic generation (SHG) microscopy, third-harmonic generation (THG) microscopy, and even higherorder 4-photon fluorescence (4PF) microscopy [4] . 2PF microscopy is the most commonly used imaging modality. However, for uniformly labeled tissue, imaging depth in mouse brain was limited to ∼1 mm since the surface fluorescence overwhelmed the signal generated at the focus (signal-to-background ratio, or SBR reaches unity) [9] - [11] . Recently, 3PF microscopy at the 1700-nm window was demonstrated to break this imaging depth limit [3] . Compared with excitation at the commonly used Ti: Sa mode-locked laser wavelength (700 nm $ 1100 nm), Yb 3+ -doped fiber laser wavelength (∼1040 nm), and 1300-nm optical parametric oscillator (OPO) wavelength, 1700-nm excitation features combined low attenuation due to water absorption and tissue scattering. Besides, 3PF further suppresses surface fluorescence compared with 2PF due to the higher nonlinear order. As a result, we reached an imaging depth beyond 1.4 mm [12] in mouse brain in vivo, penetrating the white matter and imaging into the hippocampus in mouse. We also note that 1700-nm is also deemed superior in deep-tissue imaging modalities beyond MPM, such as photoacoustic microscopy [13] and optical coherence tomography [14] .
Theoretically, 3PF microscopy at 1700 nm can image down to > 9le (le: attenuation length of excitation beam) before SBR reaches unity [3] , [15] , and even deeper can be expected for 4PF microscopy, given that tissue is not damaged. However, currently the imaging depth is only limited to < 4le for 3PF microscopy. This discrepancy is due to the signal depletion as depth increases. Several techniques have been demonstrated to enhance signal generation and collection for MPM for deep tissues at 1700 nm, as well as other wavelengths: 1) excitation with a more powerful laser source such as regenerative amplifiers [9] , [16] and optical parametric amplifiers (OPAs) [17] or photonic-crystal (PC) rods with a larger effective mode area (Aeff) for energetic femtosecond soliton pulse generation [18] ; 2) customized optics [3] and proper selection of immersion medium [3] , [19] to enhance the overall transmission of the laser scanning microscope; 3) underfilling of the back aperture of the high numerical aperture (NA) objective lens to avoid excessive loss of the excitation light focused at larger angles [3] , [20] ; 4) adaptive optics to correct for aberration-induced wave front and focus distortion [18] , [21] , [22] ; and 5) selection of low-magnification objective lens to maximize signal collection [23] , [24] .
Photomultiplier tubes (PMTs) are typically used for signal detection in MPM, which offer high sensitivity at low signal levels. Among them, GaAsP PMTs exhibit high peak quantum efficiency, while GaAs PMTs show broadband wavelength sensitivity up to 890 nm, making them well suited for signal detection in MPM [25] . However, the quantitative difference for signal detection, especially for the 1700-nm MPM is not known. Here we experimentally compare the signal detection capability of a GaAsP and a GaAs PMT for four modalities of MPM excited at the 1700-nm window. The two PMTs are identical in structure, such as effective area and position of photosensors. They also have quite similar plateau and maximum control voltages (used for gain adjustment of the PMTs). These factors facilitate a fair and direct comparison of signal detection of these two PMTs. Our measured results show that with 1667-nm excitation, GaAsP PMT is superior to GaAs PMT in detecting 3PF, 4PF, and THG signals; however, it yields no detectable signal when performing SHG imaging while GaAs PMT is still usable due to the longer response wavelength. The measured signal ratios between these two PMTs are in good agreement with calculations based on the wavelength-dependent Cathode radiant sensitivities. We hope these results will be beneficial for PMT selection when performing deep-tissue MPM at the 1700-nm window.
Experimental Setup
Our experimental setup is similar to those used in [3] and [19] and is shown in Fig. 1(a) . To generate a femtosecond pulse at the 1700-nm window, the technique of soliton self-frequency shift (SSFS) was used [15] . Briefly, a 1-MHz 1550-nm fiber-based laser (FLCPA-02CSZU, Calmar) was used as the pump, to generate frequency shifted soliton pulse at 1667 nm [see Fig. 1(b) ] in a 36-cm PC rod (NKT Photonics). After long pass filtering to remove the residual pump, and a half-wave plate and a polarizing beam splitter to control the optical power, the soliton pulse was sent into a laser scanning microscope (MOM, Sutter) for MPM. A water immersion objective lens (Olympus XLPLN25XWMP2-SP1700) was used for all imaging experiments. Image acquisition and processing were performed using ScanImage (Vidrio Technologies) and ImageJ (NIH), respectively.
In our comparison experiments, four modalities of MPM were performed: 3PF imaging of blood vessels labeled by quantum dots (Qtracker 655, Thermo Fisher Scientific) in the mouse brain in vivo, THG imaging of white matter in a mouse brain slice, 4PF imaging of fluorescein (Macklin), and SHG imaging of mouse tail tendon. The same optical filters were used for both GaAsP and GaAs PMTs in each imaging modality. Specifically, a 630/92 bandpass filter (Semrock) was used for 3PF imaging, a 558/20 bandpass filter (Semrock) was used for THG imaging, a 525 SP short-pass filter (Chroma) was used for 4PF imaging, and a 835/70 bandpass filter (Semrock) was used for SHG imaging.
The GaAsP (H7422p-40, Hamamatsu) and GaAs PMTs (H7422p-50, Hamamatsu) used for comparison have identical structures. The same power supply (C8137-02, Hamamatsu) with a control voltage of 0.8 V, and the same amplifier unit (C7319, Hamamatsu) with the same gain and bandwidth setting for current-to-voltage conversion were used for both PMTs. According to test reports by the manufacturer, 0.8 V was already the plateau voltages for these two PMTs. Admittedly, the higher the control voltage, the higher the signal levels generated by the PMT. However, according to test reports by the manufacturer, compared with the signal level at 0.8 V control voltage, the signal levels are only 1.04 and 1.03 times higher for the GaAsP and GaAs PMT, respectively, at the maximum specified control voltage of 0.9 V. Therefore, 0.8 V control voltage was chosen for both PMTs.
During imaging sessions, the two PMTs were mounted at exactly the same place on the microscope sequentially to ensure the same optical layout except the detectors. Switching the PMTs might induce mechanical disturbance to the microscope, leading to a shift of the field of view. To account for this effect, Z-stack images were taken in comparison experiments for 3PF, THG and SHG imaging, from which images of the same structures could be extracted and compared. For a fair comparison of the featureless dye solution, the laser was simply focused 50 m below the interface between the cover glass and the dye solution. Laser power was fixed for each imaging modality. Each image was acquired at 2 ms/line with 512 Â 512 pixels. Table 1 . Switching from GaAsP PMT to GaAs PMT leads to a decrease in signal levels for 3PF, THG, and 4PF imaging. Quantitatively, for 3PF, THG, and 4PF imaging, GaAsP enhances the signal level by 1.81, 2.04, and 2.53 times, respectively, justifying that GaAsP is more efficient in signal generation in these imaging modalities. Quantitative comparison for SHG imaging was not performed since GaAsP failed to generate any detectable signal.
Experimental Results and Discussion
Cathode radiant sensitivity is the parameter reflecting wavelength-dependent responsivity of PMTs and usually specified by the manufacturer. As a result, comparison of this parameter directly reflects the signal detection capability of PMTs among various wavelengths. Next, we calculate signal ratios between the two PMTs based on this parameter and compare the calculated values with those measured in experiments. Cathode radiant sensitivities for both GaAsP and GaAs PMTs from the manufacturer are shown in Fig. 3 , along with the detected center signal wavelengths of the four imaging modalities. To calculate the wavelength-dependent signal ratios of the two PMTs ðS GaAsP =S GaAs Þ based on the cathode radiant sensitivity ratio ðCRS GaAsP =CRS GaAs Þ, a scaling factor of the measured signal levels of the two PMTs for the same control voltage, incident photons and wavelength was also needed, accounting for the gain not considered in the cathode radiant sensitivity. According to the test report from the We note that for both THG and 4PF, the measured results are smaller than the calculated results, while for 3PF the result is the opposite. We postulate that this discrepancy is due to the fact that vascular fluorescent labels, such as quantum dots, will be cleared from the body eventually [26] . As a result, the fluorescence signal will decrease as imaging time increases. In this 3PF measurement, we used GaAsP PMT first and then switched to GaAs PMT. The switching took ten minutes. We also monitored 3PF signal decrease after we switched to GaAs PMT and found that, after ten minutes corresponding to the PMT switching time, 3PF signal dropped by 23Q (from 1300 to 1000 counts) for this particular mouse. If we simply assume a linear decrease of the 3PF signal and arbitrarily compensated for the signal loss due to the switching time of the PMT, i.e., assuming that the signal level detected by the GaAs PMT is 1600 counts, the calculated S GaAsP =S GaAs ratio for 3PF is 1.47. This value is smaller than the calculated results, and the ratio between the experimental and theoretical values is 0.89, similar to those for THG and 4PF shown in Table 1 . However, we want to emphasize that this estimation is purely based on a simplified linear extrapolation of signal decrease in blood in vivo. The actual decay dynamics might be much more complicated, varying from animal to animal and is not the subject of this paper. Based on our measured signal ratios at 515 nm and 556 nm, the measured scaling factor (1.87), and the cathode radiant sensitivity curves, our calculated results indicate that at 712 nm both the GaAsP and the GaAs PMTs yields the same signal level, below which GaAsP PMT is more efficient and above which GaAs PMT is more efficient in signal detection.
Conclusion and Discussion
To enhance signal detection in MPM at 1700 nm, in this paper, we experimentally compared GaAsP and GaAs PMTs, which are two commonly used PMTs for MPM. GaAsP PMT shows quantitatively higher signal detection levels for 3PF, THG, and 4PF imaging, while GaAs is far superior for detecting SHG signals generated by the 1700-nm excitation. Based on our measurement and the cathode radiant responsivity of the PMTs, we conclude that within the responsivity range, below 712 nm, GaAsP yields higher signal, while above, it GaAs should be chosen to generate more signal. We expect these results will help PMT selection for 1700-nm MPM and further increase the penetration depth during deep-tissue imaging. 
